curves need to be interpreted to calculate pore sizes using the Young and Laplace equation
T ransport of fluids through porous media, with method, Hg is forced under pressure into a previously applications in soils, subsurface hydrology, geology, oven-dried and air-evacuated sample (Nagpal et al., oil and gas fields, and the medical industry, is of interest 1972). The applied pressure is increased in discrete to scientists and engineers. Before predicting transport steps, and the volume of pores that is intruded between phenomena in a porous medium, its hydraulic properties steps is obtained. The equivalent pore size correspond-(i.e., the water retention and hydraulic conductivity relaing to the applied pressure can be calculated with Eq. tionships) must be determined. This is often time-con-
[1], with ␣ being the contact angle between the Hg suming and expensive if done by currently available methand soil and being the surface tension of Hg. The ods. For a given porous medium, the values obtained for advantage of the Hg intrusion method is that it is much water retention and hydraulic conductivity at different faster than the other two techniques previously exwater content values depend on an intricate system of plained. However, the disadvantage is that pore sizes pores with different size, shape, orientation, and conneccan change during the injection. It should be mentioned tivity. This intricate system makes it difficult to express that Hg is a nonwetting fluid in regard to hydrophilic the pore size distribution in a quantitative manner. If porous media, such as soils and rocks. Pore sizes of a porous medium have a direct effect known, however, pore size distributions can be used on the permeability values; larger pores have a higher to calculate water retention and hydraulic conductivity permeability. Pore size is of direct importance in underrelationships. Because of the high degree of complexity standing transport of volatile organic compounds in the of the pore structure, simplifying assumptions need to subsurface (Moldrup et al., 1998; Poulsen et al., 1999) be made.
or soil-atmosphere gas exchange (Hutchinson and LivSeveral methods, such as the water-desorption method, ingston, 2002), a subject of interest to agriculture and visualization method using impregnation, and the Hg the turf grass industry. Pore size values can also be used injection method, are available for the determination as indicators of hydraulic conductivity because pore size of pore size distributions (Flint and Flint, 2002) . Each affects water run-off (Rö mkens et al., 2002) . The objecof these methods, however, has its own disadvantage(s).
tives of this study were to (i) determine the air permeThe water-desorption method is based on calculations ability of a consolidated rock sample (experimental study), of pressures at which water is displaced by air in pores of and (ii) optimize the pore size distribution of the sample different radii. Therefore, the obtained water retention by reproducing the air permeability-water content relationship curve that was experimentally determined. The for a consolidated rock sample, the method will be exand sequences. A genetic algorithm (GA), a popular evolutionary computational method, was used for the tended to unconsolidated soil samples.
Several models have been used to describe porous optimization process to determine the pore size distribution of a consolidated rock sample and will be discussed media. Two types have received great interest, namely, the capillary bundle model and the pore network model further below. (Scheidegger, 1953 (Scheidegger, , 1974 Ball, 1981) . In both models, the size of a pore is defined as a radius obtained from MATERIALS AND METHODS the equality of the hydrostatics in the soil and that in Experimental the model. Hence, the size of a soil pore is called the "equivalent radius," and no attempt is made to quantify Materials the real radius of a pore. The capillary bundle model is A Berea sandstone sample, 2.5 cm in diameter and 6 cm the basis of the so-called "hydraulic radius" theories, long, was used to perform the experimental part of this study.
which are often used to describe single-phase transport
To minimize the effect of organic matter and bacterial growth, in porous media (Chandler et al., 1982) . Such models the sample was first placed in a muffler oven at 900ЊC for 24 h. fail to predict the salient features of capillary displace- The pore network models represent pore spaces as is based on the "stationary liquid method" pioneered by Leas networks of interconnected, simply shaped pores (Lowry et al. (1950) and Osoba et al. (1951) . The permeameter used and Miller, 1995) . Network models are essentially percoin this research was developed by A.T. Corey (Jalbert et al., lation models, in that they involve the percolation of process was repeated until the sample was completely dry and fully saturated sample and determined the initial drainage curve (Fig. 2 ) by increasing the vacuum every 24 h. During the effective air permeability during the initial water drainage curve was formed (Fig. 1) .
the first few steps no change in water content was observed. However, when the air entry value was reached and the biggest Effective air permeability values, k air (m 2 ), were calculated from pores started to drain, the water level in the burette started to rise. According to Brooks and Corey (Corey, 1994) , the relation-
ship between the nonwetting phase effective permeability (k nw , m ) is the water density, g (m s
is the gravitational acceleration, and V ( m 3 ) is the volume of where k is the intrinsic permeability and ␥ is a constant: Dane et al. (1998) by assuming the density of the ␥ ϭ 2 ϩ [4] nonwetting fluid (air) to be equal to zero. Although no direct verification of indirectly determined pore size distributions and configurations of the pores is possiand is the empirical exponent or pore size distribution index ble, differences in calculated and measured water retention in the Brooks-Corey representation of the water retention curves may be the best indicator of how well the pore size curve; that is, distribution was determined. Therefore, the same core was used to determine the initial drainage curve by the hanging
water column method . Because of the rigidity of the sandstone core, the porous plate of the and Buchner funnel was covered with a thin silt layer. Rather than lowering the outflow level in the burette to reduce the soil
water pressure, the air pressure in the burette was stepwise changed by a regulated vacuum source. We started with a where Numerical of the diameters of the other pore sections in the sequence is essential.
Model
Once air flow occurs through a sequence of sections, we The main objective of the model is to indirectly predict the only know the pressure difference between the top and the pore size distribution from air permeability measurements.
bottom. As during the experimental measurements, we will Since there is no direct verification of the indirectly measured assume a unit head gradient. To calculate the flow through a pore size distribution, the model included the prediction of given sequence, we need to know how the pressure changes the water retention curve of the sample. The pores were modfrom section to section, as smaller sections offer greater resiseled as capillaries; each capillary was composed of a number tance to flow. The volumetric flow rate, Q, however, is the of sections (i.e., 5, 10, etc.; Fig. 3 ).
same through each section and is given by Poiseulle's Law: The diameter of each section was determined based on one or two (bimodal pore size distribution) lognormal distribution Q ϭ r
functions. Therefore, each section had a different diameter and consequently a different displacement pressure value. We where r i is the pore radius of section i, i ϭ 1,2,..,5 (m), P iϪ1 is will assume that initially all sections are saturated and that the pressure at the pore section entrance (Pa), P i is the pressure the gravitational head can be ignored; in other words, the at the pore section exit (Pa), is the air viscosity, and L is capillary pressure in all sections is the same. The displacement the pore section length (m). If L is assumed to be the same pressure for each section can be calculated from the Youngfor all sections, then Laplace equation. For the sake of simplicity in the argument we will assume that r a,5 ϭ r b,2 , r a,4 ϭ r b,1 , r a,3 ϭ r b,4 , r a,2 ϭ r b,5 , and r a,1 ϭ r b,3 . We will further assume that the pressure in the
water is reduced from the bottom. For the capillary on the left (Fig. 3) , the top section (radius r a,5 ) will drain at a capillary where C is a constant. Hence, the flow equation is written for pressure corresponding to its radius. Because the underlying all sections as next two sections have radii r a,4 and r a,3 , both of which are Ͼr a,5 , these two sections will drain as well. At some point, upon Q ϭ Cr
further reduction of the water pressure (increase in capillary pressure), the next section with radius r a,2 will drain. But now In Eq.
[9], Q and P 1 through P 4 are the unknowns, whereas P 0 (pressure at the bottom of the pore sequence), P 5 (pressure the bottom section will drain as well because r a,1 Ͼ r a,2 . It is only at this value for the capillary pressure that this sequence at the top of the sequence), and the radii are known variables. The unknown variables can be calculated as we can obtain of sections has completely drained and will become available for air flow. Since r b,5 ϭ r a,2 , the top section on the right will five equations with five unknowns from Eq.
[9]. Introducing a variable tortuosity factor, , to better represent a naturally drain as well. In fact, because all underlying sections have radii Ͼr b,5 , they will all drain simultaneously. This sequence occurring porous medium, the total flow rate, Q total (m 3 s Ϫ1 ), is in which 1.0 is the tortuosity of the wetting phase when S e ϭ
1.0. For the nonwetting phase ("nw"), they suggested where ᐉ is the number of pore conducting sequences, Q j is
the flow rate for the jth conducting pore sequence, and j is a variable tortuosity factor depending on the water content.
As the wetting-phase saturation of a porous medium deDividing Q total by the cross-sectional area, A (m 2 ), of the porous creases, fluid particles of the wetting phase must take an inmedium (summation of solids and pores), we obtain the flux creasingly longer path in moving between two points. This is density, q, analogous to the Darcy flux:
because the particles cannot take a direct route across pore spaces because the central portion of the spaces are occupied
by the nonwetting phase. After sufficient desaturation takes place, the nonwetting phase (air) has a finite tortuosity, and this tortuosity decreases with decreasing liquid saturation. According to Darcy's Law, the air flux density is proportional A number of distribution functions have been used to repreto the air pressure gradient by means of the air conductivity sent pore size distributions of porous media, including ␥ distri-(K a , m 2 Pa Ϫ1 s Ϫ1 ) of the porous medium; that is, bution, Gaussian distribution, and lognormal distribution. The lognormal distribution gained more popularity than the others q ϭ ϪK a ‫ץ‬P ‫ץ‬z [12] for two reasons. First, a phenomenon is lognormally distributed whenever its magnitude depends on the product of a very large number of independent factors, which may, in turn, Equation [12] allows K a to be calculated for different water each follow their own distribution (Brutsaert, 1966) . Second, content values because both q and the overall air pressure the particle sizes of many soils and rocks have lognormal gradient, ‫ץ‬P/‫ץ‬z, are known. The relationship between air condistributions (Brutsaert, 1966; Shirazi and Boersma, 1984 ; Koductivity and effective air permeability, k a (m 2 ), is given by sugi et al., 2002). In addition, previous studies showed that
the water retention models are more realistic if bimodality is introduced because pore size distributions may have more where is the air viscosity (Pa s).
than one modal pore size as a result of aggregation (Kutílek To produce the water retention curve, we tracked the and Nielsen, 1994). Therefore, we developed two pore size amount of water drained from the sections and the corredistribution models using two different distribution functions: sponding capillary matric head values. Because the porosity (i) lognormal distribution and (ii) bimodal lognormal distribuof the sample was determined, the total volume of sample tion. The radius value of each capillary section was randomly pores was known. The water content, , of the sample was assigned based on the corresponding distribution function in calculated from each model.
Genetic Algorithms
Genetic algorithms use computational models of evolutionwhere V T (m , 1993) . This approach is becoming the method of choice Kozeny-Carman equation for the intrinsic permeability, k for complex problem solving, especially when more traditional (m 2 ), was derived as methods cannot be efficiently applied or produce unsatisfactory solutions. Recently, GAs have been frequently applied to solve both science and engineering problems (Wang, 1991;  k ϭ
[15] Gwo, 2001; Unsal et al., 2002; Karpouzos et al., 2001) . Genetic algorithms differ from more traditional search algowhere is the porosity or internal volume per unit bulk volrithms in that they work with a number of candidate solutions ume, ␤ (L 0 /L ) 2 is the Kozeny-Carman constant, ␤ is a shape rather than just one or a partial solution. Each candidate factor, L 0 (m) is the apparent flow path length in the direction solution of a problem is represented by a data structure known of macroscopic flow, L (m) is the actual length of the porous as an individual, which has two parts: a chromosome and a medium through which the fluid flows, and S (m
Ϫ1
) is the fitness (Fig. 4) . The chromosome is composed of genes, and internal surface area per unit bulk volume. The tortuosity is the values that can be assigned to a gene of a chromosome described as (L 0 /L ) 2 . Kozeny suggested using ␤ ϭ 2.5 and ϭ are the alleles of that gene. If the genes have only two alleles 2; that is, a constant of 5 for ␤ (L 0 /L ) 2 . As was pointed out (0s and 1s), the chromosome is called a binary coded chromoby Corey (1994, p. 93) , this same value cannot be applied to some. If the genes are assigned real values, then the chromoporous media other than sand, nor to less than fully saturated some is called a real coded chromosome. media. Burdine (1953) noted that the factor that has caused
The population size is the number of individuals that are the greatest amount of comment, and which is probably least allowed in the population maintained by a GA. If the populaunderstood, is the tortuosity of the fluid path in the porous tion size is too large, the GA tends to take longer to converge sample. Because it is saturation dependent, Corey (Brooks on a solution. However, if it is too small, the GA is in danger and Corey, 1964; Corey, 1994) suggested a function for the of premature convergence on a suboptimal solution. This is tortuosity rather than a constant value for all saturation stages.
primarily because there may not be enough diversity in the The tortuosity of a wetting phase ("w") is inversely related population (Dozier et al., 2001; Davis, 1991) . to the effective saturation squared:
After initialization, parents are selected according to a probabilistic function based on relative fitness and allowed to create offspring (Spears et al., 1993) . In other words, those indi-
viduals with higher relative fitness are more likely to be selected as parents. The tournament selection is the most Genetic Algorithm Attributes popular selection method; one parent is selected by randomly
In this section, we present some of the basic attributes of comparing b individuals in the current population (Dozier et our GA. Genetic algorithms can be characterized in terms of al., 2001). Among these b individuals, the individual with the six basic attributes: (i) genetic representation of candidate best fitness is selected as a parent. A second parent may be solutions (individuals), (ii) population size, (iii) evaluation selected by repeating the same procedure. The most common function, (iv) genetic operators, (v) selection algorithm, and type of tournament selection is the binary tournament selec-(vi) type of reproduction used (Eshelman and Schaffer, 1993) . tion where b is equal to 2.
In our GA, each candidate solution (individual) was repreAfter selection, reproductive operators such as crossover sented by real-value coded chromosomes. Each gene repreand mutation are applied to the parents. In crossover, parents sented a pore with a number of sections of different diameters contribute copies of their genes to create a chromosome for (r x,y,z ) (Fig. 5) . The index x represents the individual, the index an offspring. The created offspring is a mixture of its parents.
y represents the gene, and the index z represents the section Mutation requires only one parent. An offspring created by within a gene or sequence ( Fig. 5 shows 10 sections per semutation resembles its parent with the exception of a few quence). The radii were assigned randomly between a prealtered genes.
viously determined upper and lower limit. A total of 500 genes After children are created (new individuals), the candidate (pore sequences) made up a chromosome, and each chromosolutions that they represent are evaluated and each child some was assigned a fitness value based on the evaluation (individual) receives its own fitness. Before they can be added function. Our population size was 25. to the population, some individuals in the current population
The evaluation function f was based on the minimization of must die and be removed to make room for the new children.
differences between measured and calculated air permeability That way, the population size can remain constant. Usually, values (k m,s ), and (k c,s ), respectively; that is, individuals are removed based on their fitness, with below average individuals having an above average chance of being
selected to die. This process is called the natural selection; individuals that are better fit are allowed to live longer and procreate more often.
where n is the number of air permeability measurements. In our case, n ϭ 10. It should be mentioned that all air permeabilAn interesting aspect of GAs is that the initial population of individuals need not be very good. In fact, each individual of ity measurements were limited to the drying cycle of the sample. an initial population usually represents a randomly generated candidate solution. By repeatedly applying selection and reOur crossover procedure was that of blend crossover. Assume that the real-coded allele values of two parents are X production, GAs produce satisfactory solutions quickly and efficiently.
and Y, where X Ͻ Y (Parent 1: X and Parent 2: Y ). We define with an air permeability of zero. Subsequent air permeability measurements were obtained at reduced water
RESULTS AND DISCUSSION
content values until the sample was completely dry. Those pores with the largest smallest sections were the On the basis of Eq.
[3], we determined ␥ ϭ 4.59 and first to drain and fill with air. Once continuous pathways subsequently ϭ 0.56 from Eq. [4] . Using the calculated existed, these larger pores began to conduct air. Subsevalue and assuming the same air entry value as deterquently, as the sample dried, pores with smaller smallest mined for the experimental data, the Brooks-Corey sections drained and contributed to the air permeability. curve and our experimental water retention curve are Consequently, air permeability increased as the water shown in Fig. 6 . By most measures, the two curves do content decreased. Although both Model I and Model not agree very well.
In our numerical study, two pore size distribution II exhibited similar behavior as the experimental results, Model II provides a closer match with the experimental tion. Even though the air permeability results were rather satisfactory, the generated water retention curve data than Model I. Both models, however, underestimated the air permeability at the higher water content did not match the measured curve very closely. Previous studies have shown that water retention models are values and overestimated them at the lower water content values. This was attributed to the fact that although often more realistic if bimodality is introduced because pore size distributions may have more than one modal some pore sections had drained in the models, no air continuity existed yet at the initial drainage. Connectivpore size as a result of aggregation (Kutílek and Nielsen, 1994) . Therefore, we developed Model II, which used ity between the parallel pores perhaps would have provided an earlier air continuity. Because the inclusion a bimodal lognormal pore size distribution. This second model was more successful in predicting the correct of connectivity between the parallel pores would have added considerably to the complexity of the model, we water retention curve. Therefore, we concluded that Model II was more successful than Model I to determine decided to ignore this aspect, at least temporarily.
In addition to the air permeability-water content relapore size distributions and their configurations. We also observed from the model results that it is not only the tionship, a water retention curve was constructed and compared with measured data (Fig. 8) to evaluate the pore section sizes that are important, but also the sequences in which they occur. For a pore section to drain pore size distribution and configuration predicted by the models.
(or fill), it is not only its radius that matters but also the state of the neighbors to which it is connected. Model II definitely performed better for all water content values than Model I. The capillary pressure
The optimization process was performed using a GA because GAs give satisfactory results very quickly and head values of Model I were always higher than the experimental results at corresponding water content valefficiently. Genetic algorithms find more and more applications in different engineering and science areas, ues. In addition to its higher values, the shape of the Model I water retention curve was not as successful as and to the best of our knowledge, they have not been for Model II. The curve shape is important because it used to determine pore size distributions. Once the pore shows the nature of the pore size distribution.
size distributions are known, hydraulic conductivity The genetic algorithm ran 10 000 generations to find functions can be calculated as well. the best solution for both models by repeatedly applying
In ongoing research we are developing a similar exselection and reproduction to a randomly created initial perimental and numerical approach for undisturbed, uncandidate population. Model I predicted the best pore consolidated soil samples. size distribution for a mean radius value (r) of 2.89 m and a standard deviation () of 0.53. Model II resulted
